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Atomically thin layers of transition metal dichalcogenides (TMDCs) have been in the spotlight of physical and chemical research due to a unique combination of properties. In particular, TMDC monolayers exhibit a direct energy gap in the optical range 1,2 -in sharp contrast to gapless graphene -which makes them fascinating candidates for ultimately thin optoelectronic devices [3] [4] [5] . Interestingly, the electronic and optical properties of this material system are dominated by Coulomb-bound electron-hole pairs, called excitons 6, 7 , rather than by unbound charge carriers. Reduced Coulomb screening in combination with the reduced dimensionality of atomically thin crystals leads to a dramatic increase of the exciton binding energy to typical values of few hundred meV, stabilizing these states even at room temperature [7] [8] [9] [10] [11] [12] [13] . Owing to the extreme confinement perpendicular to the plane of the material, excitons are particularly sensitive to the local environment surrounding the monolayer [14] [15] [16] [17] [18] [19] [20] [21] [22] . The possibility to vertically stack different cover materials onto two-dimensional TMDCs 4,23 has, thus, opened an exciting platform for fundamental physics 20, [24] [25] [26] [27] [28] [29] [30] [31] [32] and device technologies 33, 34 . On the one hand, heterostructures consisting of two different semiconducting monolayers have been employed to realize ultra-thin p-n junctions 33 and interlayer excitons 24, 26, 35 due to the possibility of interlayer charge transfer 24, 26, 33, 35 . On the other hand, TMDC monolayers covered with an insulating van der Waals material have allowed for a less invasive strategy of Coulomb engineering 17, 20 . By dielectric sculpting of the electric field lines connecting electrons and holes, in-plane electronic correlations can be modified within the TMDC monolayer without changing the chemical structure of the material itself 20 . Electron-phonon interactions 30, 31, 36, 37 may be controlled and inplane heterostructures can be realized on a nanometer length scale 17, 20 .
The most widespread methods of investigating excitons probe their interband generation or annihilation 7, 10, 11 . In these experiments, light couples dominantly to only a minor fraction of excitons, namely the optically bright ones. Optically dark states, whose interband dipole moment vanishes or whose center-of-mass momenta lie outside the light cone, cannot be directly addressed this way and have required more sophisticated in-plane geometries 38 or phonon-assisted processes 37 . Mid-infrared photons, in contrast, may directly induce a hydrogen-like 1s-2p transition in pre-existing species, irrespective of interband dipole moments and large center-of-mass momenta. This concept has been employed to explore the formation time and dynamics of excitons in TMDC monolayers 12, 13, 39, 40 and also represents a promising tool for the investigation of electronic correlations in heterostructures. Still, the direct influence of a cover layer on the correlations between orbital states of excitons has not been resolved in a direct, resonant way.
In this Letter, we experimentally investigate the influence of an insulating hexagonal boron nitride cover layer on the fundamental intra-excitonic 1s-2p resonance by the absorption of mid-infrared photons in the TMDC monolayer WSe 2 . By utilizing intraband spectroscopy, we are able to address all excitons in the system -including bright and dark states. This approach allows us to reveal the influence of the cover layer on the internal structure of excitons in the most direct possible way. We find that an hBN cover layer leads to a significant renormalization of the intra-excitonic 1s-2p transition by 23 meV and a decrease of the transition linewidth compared to the uncovered monolayer. Moreover, the ultrafast evolution of the mid-infrared response functions shows a distinct blue shift of the intra-excitonic 1s-2p resonance transition and an increase of its linewidth with time. Using microscopic modelling, we show that these observations are characteristic of the formation of dark excitons from the initial bright population. for a given delay time t PP between pumping and probing. A continuous variation of t PP provides access to the ultrafast dynamics of the non-equilibrium system (Supporting Information Figure S2 ). All experiments are performed at room temperature and ambient conditions. The nature of the screened excitons also manifests itself in their dynamics.
evolution of the mid
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evolution of the mid-IR response The nature of the screened excitons also manifests itself in their dynamics. 3a,e), the overall magnitude of the signal decreases, the 9 resonance blue shifts slightly and the linewidth broadens as a function of t PP (Figure 3b-d,f-h ).
Interestingly, a second zero crossing in ∆ε 1 persists on the low-frequency end of the spectral window, for all pump delay times t PP . This feature may be caused by a second low-energy resonant absorption or by unbound electron-hole pairs, whose contribution would have a similar effect on ∆ε 1 .
For a more quantitative evaluation of the measured mid-IR response functions (Figures 2 and 3) , we apply a Drude-Lorentz model 13, 44, 45 reflecting the contribution of excitons (Lorentz) and an electron-hole plasma (Drude) on a phenomenological level. Within this approach, pump-induced changes in the frequencydependent dielectric function ∆ε ω = ∆ε + i∆ σ ε ω ⁄ are described using two components:
The first term, a Lorentzian resonance, represents the intra-excitonic 1s-2p line. It includes the 1s exciton For resonant excitation of the bare monolayer, the fitting procedure of the experimental data at a pump delay time t PP = 0 fs (Figure 2a ,b, black spheres) yields an exciton density of 3.63 × 10 12 cm -2 , a resonance energy of 170 meV, and a linewidth of 117 meV. There is no measurable contribution from unbound electron-hole pairs in the investigated spectral region, in agreement with previous works 12, 13 . In contrast, adding the hBN cover layer red shifts the resonance energy E res to 147 meV, whereas the linewidth ∆ decreases to 90 meV at t PP = 0 fs (Figure 2a,b, red spheres) . Furthermore, the fit of the heterostructure data reveals a non-vanishing density of unbound electron-hole pairs n FC . Figure 4 Furthermore, n FC is an order of magnitude smaller than n X for all pump delay times t PP . As noted above, the effect of a finite plasma density may also indicate the presence of a Lorentzian line located below the spectral window accessed here and will be further investigated in future research. The temporal evolution of the resonance energy E res is depicted in Figure 4b . Starting from an initial value of 147 meV at t PP = 0 fs, E res blue shifts up to 153 meV at t PP = 2 ps. The linewidth ∆, however, decreases from 90 meV to 80 meV, within 200 fs, followed by a monotonic increase up to ∆ = 112 meV at t PP = 2 ps (Figure 4c ). 
we have microscopic access to exciton binding energies E n and wave functions Ψ n (q) with index n = 1s, 2s, 2p, … . Here, we have introduced the excitonic part of the Coulomb interaction V exc (q,k), which is treated within the thin-film formalism for 2D systems 8, 9, 14, 48, 49 . The latter also contains the dielectric background screening @ AB = C DEF 'C GH I JI + of the underlying substrate/cover layer. Figure 5 shows the calculated binding energies and wave functions (n = 1s, 2p) for bright (Q = 0) as well as momentumforbidden dark excitons (Q = Λ) as a function of the center-of-mass momentum Q, comparing the situation of the bare and covered monolayer. We can perfectly reproduce the experimentally observed 1s-2p resonance energy of 147 meV with a dielectric constant of @ =1K.0 = 2.3, which agrees well with the literature value for hBN 50 . Thus, we can unequivocally assign the observed resonance at 147 meV to the renormalized 1s-2p transition in the heterostructure.
The ultrafast evolution of the resonance energy E res shows a monotonic blue shift with increasing pump delay time t PP (Figure 4b ). This feature can be explained by the formation of a momentum-forbidden dark exciton population via exciton-phonon scattering or the emergence of spin-unlike excitons due to spin-flip processes 40 . Since the intra-excitonic 1s-2p separation of dark excitons is higher than the one of bright excitons (Figure 5a ), E res increases as the dark population forms 40 . Furthermore, the dark excitonic ground state (Q accumulation of excitons in the found to be smaller than ∆ bare by 23%, even though the density n X hetero slightly exceeds n X bare by 8%. Thus, the hBN cover layer clearly reduces the width of the intra-excitonic 1s-2p transition line. One of the possible broadening mechanisms contributing to the linewidth ∆ is exciton-phonon scattering. Here, the scattering efficiency is i.a. determined by the overlap of excitonic wave functions 36 . Since stronger Coulomb screening, caused by the change of the dielectric environment, leads to more spatially extended exciton wave functions (Figure 5b) , exciton-phonon scattering should be modified in the heterostructure.
However, our numerical calculations reveal that in the relevant range of dielectric background constants @ AB , the scattering with acoustic phonons is slightly enhanced by adding hBN, whereas the interaction with optical phonons becomes weaker, so that in total the exciton-phonon scattering is almost the same with and without hBN. Thus, this mechanism cannot cause the observed decrease of the linewidth ∆.
Exciton-exciton scattering, however, depends on the Coulomb potential which is indirectly proportional to @ AB . Thus, the increase of @ AB , caused by adding a cover layer, can lead to a decrease of exciton-exciton scattering, resulting in a smaller linewidth ∆.
The temporal evolution of the linewidth (Figure 4c) shows another unexpected behavior. The linewidth ∆ should decrease as a function of t PP since the overall electron-hole pair density decreases (Figure 4a as well as Supporting Information Figures S3 and S4 ) and thus fewer scattering events take place. However, the linewidth -after an initial and expected decrease -starts to rise from 80 meV at t PP = 0.2 ps to 112 meV at t PP = 2 ps. This anomalous behavior is a second indication for dark excitons that are not located at the K/K'-points of the Brillouin zone and thus have different resonance energies 40 . Since our mid-infrared probe pulse is sensitive to all kinds of dark excitons, the superposition of various intraexcitonic 1s-2p absorption peaks from different momentum-or spin-forbidden states leads to an apparent increase of the linewidth, as the dark population (t PP > 0.2 ps) forms from the initial bright exciton population (t PP < 0.2 ps). Since the overall electron-hole pair density steadily decreases for t PP > 0.2 ps (Figure 4a ) and thus the linewidth ∆ should show a similar trend, the observed strong blue shift of E res can only be accounted for by the formation of dark excitons 40 .
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In conclusion, intraband spectroscopy in the mid-infrared spectral range allows us to investigate the influence of the modification of the dielectric environment on bright and dark excitons in a WSe 2 monolayer. The data quantify internal transition energies, densities and many-body effects. Most remarkably, we observe a significant red shift of the intra-excitonic 1s-2p transition as well as a decrease of its linewidth compared to the uncovered monolayer. Furthermore, the distinct blue shift of the 1s-2p
resonance along with the anomalous dynamics of the linewidth suggests the formation of a dark exciton population from an initial bright one. These heterostructures fabricated by simple stacking offer an exciting playground to custom-tailor electronic correlations and thus open exciting perspectives for novel optoelectronic applications. In future studies one may even start to resonantly hybridize excitonic transitions with low-energy excitation of surrounding cover layers, designing novel material parameters by layer-sensitive dielectric sculpting.
